We report trace element analyses by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) of metal grains from nine different CR chondrites, distinguishing grains from chondrule interior ("interior grains"), chondrule surficial shells ("margin grains") and the matrix ("isolated grains"). Save for a few anomalous grains, Ni-normalized trace element patterns are similar for all three petrographical settings, with largely unfractionated refractory siderophile elements and depleted volatile Au, Cu, Ag, S. All three types of grains are interpreted to derive from a common precursor approximated by the least melted, fine-grained objects in CR chondrites.
Introduction
Metal has long been recognized an important component of primitive meteorites (Howard 1802; Urey and Craig 1953; Wood 1967; Campbell et al. 2005) . Dominated by iron-nickel alloys (chiefly kamacite and taenite), the metal fraction varies between 0 and 70 vol% in chondrites and is one classical petrographic discriminant among different chemical groups (e.g. Brearley and Jones 1998; Scott and Krot 2003; Rochette et al. 2008) . Part of this variation is due to oxidation/reduction processes implying exchange of iron between the metal and silicate fraction (Prior 1916; Urey and Craig 1953) , but significant variability of the total Fe/Si ratio suggests a further process of metal/silicate fractionation (Urey and Craig 1953; Larimer and Anders 1970) .
In thermodynamic calculations, the bulk of iron metal is predicted to condense out of a solar gas at temperatures similar to those of forsteritic olivine (1357 vs. 1354 K at 10 Pa according to Lodders 2003) , with higher temperature metallic condensates being enriched in refractory siderophile elements. Indeed, some iron-nickel metal has been occasionally found in amoeboid olivine aggregates (Weisberg et al. 2004 ) and platinum-group-element-rich nuggets occur in some calciumaluminum-rich inclusions . While this suggests that some chondritic metal may be ultimately the result of nebular condensation, the origin of a significant proportion of it is likely linked to chondrule formation ), a process as yet involved in obscurity.
Indeed, not only do many chondrules contain metal, but the general deficiency of chondrules in siderophile elements relative to CI chondritic abundances (Sears et al. 1996; Hewins et al. 1997; Gordon 2009 ) suggests that many metal grains now found isolated in the matrix may have originated from chondrules (Uesugi et al. 2008) .
Unravelling the origin and history of chondritic metal is thus of undisputable cosmochemical
importance, yet a consensus on the subject is not currently at hand. Broadly speaking, possible scenarios regarding metal generation are:
(i) Direct condensation in the protoplanetary disk (e.g. Wood 1963; Campbell and Humayun 2004) .
(ii) Recondensation following local evaporation (e.g. Connolly et al. 2001 ).
(iii) Reduction of iron contained in silicates, be the reducing agent carbon (e.g. Connolly et al. 2001 ) or nebular gas (e.g. Zanda et al. 1994 ).
(iv) Desulfurization of sulfides by partial volatilization (e.g. Hewins et al. 1997 ).
CR chondrites (Weisberg et al. 1993 ) represent a unique group to make progress on this issue.
Metal is abundant (5-8 vol%) and primarily present in type I (low-FeO) chondrules (largely devoid of sulfides) where it forms distinctive outer shells, as though CR chondrules represented an early stage prior to iron loss from chondrules. Indeed some textures seem to be "fossilized" just as metal grains were escaping from chondrules (e.g. Campbell et al. 2005) . CR chondrites also largely escaped thermal metamorphism, allowing pre-accretionary features of metal to be preserved, unlike e.g. most ordinary chondrites where metal carries the overprint of the thermal history of the parent body (Afiattalab and Wasson 1980; Kimura et al. 2008) , and may comprise the most pristine chondrites known (e.g. Queen Alexandra Range (QUE) 99177 and Meteorite Hill (MET) 00426; see Abreu and Brearley 2010) . Pb-Pb ages of CR chondrite chondrules (~4565 Ma) are comparable to other chondrite groups (Amelin et al. 2002; Charles and Davis 2010) , as is the Hf-W age of NWA 801 metal (Quitté et al. 2010) although Al-Mg ages seem systematically younger (Kita and Ushikubo 2012) . From a chemical standpoint, Co and Ni in CR metal correlate around the solar ratio (Co/Ni = 0.047 (in mass) ; Lodders 2003) , a property only shared by CH and CB chondrites, with which they form the "CR clan" (e.g. Krot et al. 2002) , and also by the ungrouped meteorite Acfer 094 (Kimura et al. 2008 ). Lee et al. (1992) noted that interior metal grains tended to be richer in Ni than margin grains, which exhibited Ni zoning (inverted U profile). They attributed this to in situ reduction on the parent body, where reduction would not have affected interior grains, but the low degree of thermal metamorphism recognized since for these meteorites seem to rule this out . Weisberg et al. (1993) saw in the Co-Ni correlation an evidence for a condensation scenario, where Ni-richer interior grains represented earlier, higher-temperature condensates than the subsequently accreted margin grains, but Humayun et al. (2002) excluded it e.g. on the basis of Pd/Fe fractionation. Based on Secondary Ion Mass Spectrometer (SIMS) analyses, Connolly et al. (2001) proposed that some margin grains, depleted in refractory siderophile elements, formed by recondensation from surrounding vapor, while others could be interior grains, presumably formed by reduction, in the process of being expelled. Wasson and Rubin (2010) attributed the apparent motion of metal toward the periphery to surface tension effects, similarly to Wood (1963) , and hypothesized that margin metal formed a continuous film around the chondrules that beaded upon cooling, while interior grains represented an earlier (unmelted) generation of metal. In their Instrumental Neutron Activation Analyses (INAA), found that coarse-and fine-grained metal had similar chemical signatures, suggesting a genetic relationship.
Trace element geochemistry is a potentially powerful tool to shed light on these issues (Connolly et al. 2001; Humayun 2012) . The various elements contained in metal present a wide spectrum of volatilities ranging from refractory platinum-group elements (PGE; with the exception of Pd) to moderately volatile Cu, Au, Ag and S, with "main component" siderophile elements (Fe, Co, Ni, Pd) in between (Palme 2008) . Likewise, they exhibit a range of geochemical affinities, with highly siderophile elements like PGEs or Ni coexisting with Si, P which become lithophile under oxidizing conditions, and chalcophile Au, Ag, Cu and S. This array of cosmochemical properties could help constrain the origin of metal.
We previously presented trace element analyses using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) in silicate phases in chondrules, including chondrules from the CR chondrites Renazzo and Acfer 187 (Jacquet et al., 2012) . In this paper, we present LA-ICP-MS analyses of 66 metal grains in 9 different CR chondrites. With a study of coarse metal grains of Acfer 097 (CR2) by Humayun (2012) , as well as further analyses reported in abstract form Humayun et al. 2010; Humayun 2010) , this is one of the first applications of this technique to CR chondrite metal. After description of the samples and methods, we will present the results (petrographical and chemical) and discuss the history of metal and the scenario that emerges for CR chondrite chondrules, before concluding. Eleven sections of ten different CR meteorites were selected for this study and are listed in Table   1 . The sections were examined in optical and scanning electron microscopy (SEM; with a JEOL JSM-840A instrument). Cross-sectional area and perimeters of metal grains were determined using the JMicrovision software (Roduit 2012) , allowing a convolution index (CVI) to be calculated (similarly to Zanda et al. 2002) as the ratio between the measured perimeter and that of an equalarea disk. The thus defined CVI is necessarily larger than, or equal to 1 (the result for a circular grain) and is greatest for the most irregular outlines.
Samples and analytical procedures
Minor and major element concentrations of documented chondrules were obtained with a Cameca SX-100 electron microprobe (EMP) at the Centre de Microanalyse de Paris VI (CAMPARIS), using well-characterized mineral standards. The beam current and accelerating voltage were 10 nA and 15 kV, respectively. The following standards were used: diopside for Si, Ca; MnTiO 3 for Mn, Ti; pure iron for Fe; pure cobalt for Co; pure nickel for Ni; apatite for P; pyrite for S; sphalerite for Zn; Cr 2 O 3 for Cr. Analyses of olivine, pyroxene and mesostasis co-existing with metal were also carried out (conditions as in Jacquet et al. 2012 (Longerich et al. 1996) . Minimum detection limit (for background-subtracted signal) is set at 2.3 times the standard deviation of the background (from Poisson statistics), corresponding to a confidence level of 99 % (Griffin et al. 2008 ).
Results

Petrography
In this section we briefly describe the texture and petrographical setting of metal grains in the CR chondrites studied ( Fig. 1 and 2 ). Metal occurs either as isolated grains in the matrix (henceforth "isolated grains") or inside chondrules, either in the interior ("interior grains") or at the surface ("margin grains"). Isolated grains tend to be mostly rounded in shape; some of them could actually be margin grains, with the host chondrule lying outside the plane of the section, as suggested in some cases by some attached silicates. All but one of the chondrules hosting the interior or margin grains analyzed in this study were type I porphyritic chondrules. There is a textural continuum from slightly melted, fine-grained chondrules with convoluted outlines to highly melted, round chondrules, with medium melted chondrules being intermediate (see Fig. 2a-c ; Zanda et al. 1993 Zanda et al. , 2002 : in the slightly melted objects (which we also call "chondrules" following Zanda et al. (2002) and Hutchison (2004) ), metal is fine-grained (of the order 10 µm in size, too small to be analyzed by LA-ICP-MS) and peppers its host more or less uniformly. With increasing melting degree, metal grains tend to coalesce, as evidenced by the amoeboid shape of the resulting larger grains (of order 100 µm in size), and tend to concentrate around the margin. In the highly melted chondrules, interior grains are rounded, although margin grains, which never form a complete, continuous shell around the chondrules, are mostly amoeboid in shape. Pyroxene (enstatite, with augite overgrowths) in most type I chondrules is concentrated near the border, while olivine phenocrysts, sometimes meeting in triple junctions (although full-fledged granoblastic olivine aggregates like those described by Libourel and Krot (2007) are very rare), dominate the interior, and margin metal grains are usually included in the pyroxene-rich layer (see X-ray map in Fig. 1 ). Type I chondrules also typically have an outermost igneous rim similar to the the least-melted chondrules (e.g. Fig.   2d ). Metal in the single type II (high-FeO) chondrule studied (in LAP 02342) is associated with troilite (see Fig. 2j ). Sulfides are rare in type I chondrules (although they are more abundant in the matrix) and mostly occur as thin partial rinds around chondrules or metal grains (Fig. 2f ).
Metal grains appear generally homogeneous, although our BSE observation may easily miss their frequent polycrystallinity noted by Wood (1967) . Several interior grains, most prominently in GRO 03116, exhibit Ni-rich (15-30 wt% Ni) worm-shaped exsolutions (of the order of 10 µm in size) apparent in low-brightness, high-contrast back-scattered electrons (BSE) images (see Fig. 2h -i), a texture akin to the "cellular plessite" of Buchwald (1975) or the "type III plessite" of Massalski et al. (1966) which may reflect the polycrystallinity of the grains. All grains investigated in GRA 06100, regardless of petrographical setting, show a coarser intergrowth, with Ni-rich areas being more isolated and more blocky in shape (see Fig. 2j ). Such textures are investigated in more detail by Briani et al. (submitted; ; see also Abreu et al. (2012) Zanda et al. 1994) . One metal/sulfide association in a type II chondrule, similar to those described by Schrader et al. (2010) was also analysed (Fig. 2l ). Chemical data on the analyzed grains are reported in the Electronic Annex and averages over each petrographical setting are shown in Table 2 . There is little apparent difference between the studied meteorites-although the limited number of analyses (6-15) per meteorite invites caution-, though EMP analyses of GRA 06100 metal show low Cr contents (< 0.2 wt%) and P is below detection (<0.03 wt%), compared to 0.1-0.3 wt% P and 0.1-0.6 wt% Cr in other CR chondrites. We shall thus discuss the data from the nine CR chondrites studied collectively and simply distinguish the metal grains according to petrographical setting (viz. interior, margin or isolated grain). A plot of Co vs Ni is presented in Fig. 3a: we find again the positive correlation around the solar ratio commonly deemed characteristic of CR chondrites (Weisberg et al. 1993; Krot et al. 2002) , with interior grains being richer in Ni (4.3-13.6 wt% Ni) than margin and isolated grains (3.3-6.3 wt%; excepting margin grain #19 of MET 00426, with 10.2 wt% Ni). For individual chondrules, the only exceptions to that rule (by <0.5 wt% Ni), at face value, are two medium melted chondrules (one in LAP 02342, with grains #3-6; one in MET 00426, grains #15-18) where "interior" and "margin" grains are not clearly distinguished texturally and one highly melted, rimless chondrule in Renazzo (where the margin grain #4 is the only coarse (~300 µm) margin grain visible in the section for this chondrule and morphologically so similar to interior grain #3 that it may actually be viewed as a migrated interior grain). The Co vs Ni correlation has however significant scatter (as is apparent in similar plots by Connolly et al. 2001; Wasson and Rubin 2010; Krot et al. 2002) and shows a distinct tendency for Ni-rich grains to have a subsolar Co/Ni ratio, as previously noted by Wasson and Rubin (2010) . It is worth noting that, based on Figure 5 of Krot et al. (2002) , Co-Ni correlation in metal is weaker in CR chondrites than in CH and CB chondrites, possibly suggestive of different geneses. Fig. 3b displays a plot of Ni as a function of the convolution index (CVI) defined in the "Samples and analytical procedures" section 2. It is remarkable that the most Ni-rich grains tend to have rounded shapes: With the exception of one coarse margin grain (#19) in MET 00426 and the single type II chondrule metal grain analyzed (#23 in LAP 02342), all the grains containing more than 8 wt% Ni have a CVI < 1.2. For CVI > 1.5, the Ni contents tend to cluster around the 5.7 wt% expected from a solar metallic condensate (Kelly and Larimer 1977) and the Co/Ni ratio deviates least from the solar value. In a plot of Ni vs grain size (Fig. 3c) , these interior Ni-rich grains are found among the smaller grains, but margin and isolated grains show a shallow positive correlation of Ni with size. No correlation between Ni content of metal and (oxidized) Fe content of olivine is apparent in Fig. 3d , consistent with the analyses of Wasson and Rubin (2010) , but there is a tendency for Fe content of olivine to be lower for the chondrules containing the more rounded metal grains ( Fig. 3e ; disregarding grains with CVI > 1.4), consistent with Zanda et al. (2002) although it must be cautioned that Zanda et al.'s convolution indices were calculated for the whole chondrule shapes rather than metal grains' shapes. Data for all siderophile elements are presented in CI-and Ni-normalized spider-diagrams in Fig. 4 and averages for each petrographical setting are shown in Fig. 5 . All three settings show very similar patterns, consistent with the chemical similarity between fine-and coarse-grained metal observed by . Generally speaking, refractory elements are unfractionated relative to Ni and agree with literature data Connolly et al. 2001; Humayun et al. 2002; Humayun et al. 2010; Humayun 2010 ). We do not see the tendency for margin grains to be depleted in refractory PGEs relative to Ni compared to interior grains reported by Connolly et al. (2001) in their SIMS analyses, which may be due to limited sampling, as this trend is not apparent in the LA-ICP-MS data by Humayun et al. (2010) and Humayun (2010) either. Significant fractionations (enrichments/depletions) of refractory elements are occasionally encountered: if we arbitrarily consider as "anomalous" a grain whose Ni-normalized concentration of any of the refractory element differs by a factor of more than 3 from the average composition, we find that 5 out of 28 interior grains (all from medium melted chondrules), 3 margin grains out of 22 and 1 isolated grain out of 19 are anomalous in this sense, hence a proportion of about 15 %, with isolated grains appearing least variable overall (Fig. 5) . (Fig. 5) . (Campbell et al. 2003) , for average composition of interior, margin and isolated grains. Bulk metal composition is taken from . Error bars are one standard error of the mean. 
Mineral chemistry
Discussion
Metal texture: parent body versus primary processes
Before discussing implications pertaining to metal and chondrule formation, an evaluation of parent body effects is in order. Although estimated shock stages of CR chondrites are low (S1 or S2; e.g. Brearley and Jones 1998; Bischoff et al. 1993) , thermal metamorphism or aqueous alteration could have left an imprint on CR metal.
We recall from the "Petrography" subsection 3.1 that most metal grains are featureless, but a few interior grains exhibit exsolutions (in particular in GRO 03116), and all grains (irrespective of petrographical setting) of GRA 06100 show an intergrowth of Ni-rich and Ni-poor metal. Kimura et al. (2008) reported that all grains of Acfer 094 and most grains in Semarkona (LL3.0) were featureless, a feature they ascribed to a martensitic transformation during rapid cooling following chondrule formation, whereas higher subtype ordinary chondrites and CO exhibited exsolutions, which they interpreted as resulting from parent body metamorphism. Building on that work, Briani et al. (2010; submitted) concluded that most CR chondrites largely escaped metamorphism (which would have induced some exsolution within the metal grains), but GRO 03116 and GRA 06100
were likely shocked as also suggested by the low hydration state of their matrix and the Raman properties of their organic matter (see also Abreu (2011); Abreu et al. (2012) ). The low abundance of P and Cr of GRA 06100 relative to other CR chondrites could be a metamorphic effect as well (Kimura et al. 2008) . At the other extreme, it is perhaps no coincidence that no plessitic texture was observed in grains from QUE 99177 and MET 00426, which Abreu and Brearley (2010) ranked at subtype 3.00. The preservation of the Ni-Co correlation, otherwise seen only in the type 3.00
ungrouped Acfer 094 meteorite (Kimura et al. 2008 ) and, to some extent, in unheated or weakly heated CM chondrites (Kimura et al. 2011) , would be consistent with such a pristinity, as upon equilibration, Co partitions preferentially into Ni-poor kamacite.
Thus, most metal grains in CR chondrites would provide essentially pristine records of chondrule formation. Interestingly, the martensitic structure of Ni-rich (>7 wt% Ni) metal yields a lower limit on the cooling rate experienced by CR chondrite chondrules: according to Reisener et al. (2000) and Reisener and Goldstein (2003) , martensitic transformation of P-bearing (>0.1 wt%) taenite requires cooling rates >> 0.2 K/h (around 900 K). This is compatible with the 0.5-50 K/h range (at 1473 ± 100 K) estimated by Humayun (2012) 
from the diffusion of Cu and Ga in coarse metal grains in
Acfer 097 (CR2), as well as the upper limit of order 10 K/h (during olivine crystallization) inferred from our trace element studies on olivine in CR chondrites (Jacquet et al., 2012) .
The origin of occasional plessitic textures in CR chondrites other than GRA 06100 and GRO 03116 would warrant further study. If such textures are to be interpreted as a result of incipient metamorphism (to a lower degree than GRA 06100 or GRO 03116) as suggested by Lee et al. (1992) for Renazzo, the fact that they occur in some grains and not others would indeed require explanation. A possibility could be that inasmuch as those grains are often interior grains, their higher Ni content could allow them to enter the α + γ field of the Fe-Ni phase diagram more frequently. However, there appears to be little regularity in this respect in the sense that there are featureless metal grains more nickeliferous than plessitic-textured ones. We cannot thus exclude that some plessitic textures were actually inherited from the chondrule formation process itself, with the metal grains in question lying at the lower end of the array of cooling rates experienced by CR chondrite metal (around 900 K). A dedicated metallographic study of metal grains in CR chondrites would certainly be desirable to settle this issue. Whatever that may be, it is clear that most metal grains in this meteorite group were not significantly modified by parent body processes and thus can be used as indicators of the chondrule-forming process.
Vapor fractionation and chondrule precursors
The systematic depletion in volatile siderophile elements of CR chondrite metal (Fig. 4, 5 ) hints at vapor fractionation processes. We wish to investigate them here in more detail, and in particular find out whether this depletion arose during chondrule formation, or was inherited from the precursors.
The similarity of the Ni-normalized patterns between interior, margin and isolated grains appears inconsistent with a scenario where margin metal formed by recondensation of evaporated metal during chondrule formation, as proposed by Connolly et al. (2001) for one would then expect margin grains to be depleted in refractory siderophile elements relative to interior grains. In particular, Fig. 6 shows that, relative to margin grains, interior grains are enriched (in absolute concentrations) in Os, Ir, both refractory PGEs, but also in Pd, a moderately volatile one, contrary to what would be expected had vapor fractionation been the sole relevant process (see also Humayun et al. 2002) . Nonetheless, enrichment in volatile elements of margin grains relative to interior grains would be consistent with some recondensation having affected the trace element budget of margin grains, yielding the outside-in diffusion profiles of Cu and Ga studied by Humayun (2012) . (It would be difficult to alternatively envision a partial loss of siderophile volatile element from the interior grains in situ since the relatively reducing conditions would have prevented them from leaving the grains and entering the silicate phase in the first place ). A petrographical manifestation of this could be the sulfide rinds sometimes encountered around metal grains (e.g. Fig. 2e-f ), bearing in mind that sulfur originally in the ambient gas may have been first dissolved in chondrule melt (Marrocchi and Libourel 2012 ; see also Lauretta et al. 1996) . We concur with the physical argument of Wasson and Rubin (2010) that inasmuch as the surface area (inversely proportional to size for a given mass fraction) offered by fine grains for recondensation would dominate that of chondrules, recondensation onto the latter would not have yielded their thick metal mantles, although it might account for the shallow trend of decreasing Ni content with decreasing size (and thus increasing surface/volume ratio) exhibited by margin and isolated metal grains (Fig. 3c) .
We do not favor either a derivation of interior or margin grains from volatilization of sulfur from preexisting sulfides (e.g. Campbell et al. 2005) , based on the Ni content of the metal (>3 wt% versus e.g. <0.3 wt% in metal from the Camel Donga eucrite inferred to have formed in this manner by Palme 1988), the largely unfractionated nature of refractory siderophile elements compared to the pattern in sulfide associated with metal grain #23 in LAP 02342 (Fig. 4d) , and the similar and low (<< 0.1 wt%) S contents of interior and margin grains.
The similarity of volatile element depletion patterns exhibited by the grains regardless of petrographical setting suggests that they were essentially inherited from the chondrule precursors.
The paucity of granoblastic olivine aggregates (GOA; Libourel and Krot 2007) in CR chondrites (Jacquet et al., 2012) , suggests that CR chondrite chondrule precursors were not, in general, GOAs, and were likely relatively fine-grained, and the triple junctions that occasionally occur in chondrules were acquired during prolonged heating Whattam et al. 2008 ).
Following Zanda et al. (1993 Zanda et al. ( , 2002 , we suggest that these precursors are best approximated by the slightly melted objects mentioned in the "Petrography" subsection 3.1 (see Fig. 2a ). Zanda et al. (1993) found a wide diversity in the siderophile element contents of their metal grains, with only the average Co/Ni ratio corresponding to the solar value. The most convoluted metal grains analyzed in this study likely correspond to the coalescence and thus compositional averaging of many of these grains during chondrule-forming events (e.g. Zanda et al. 1993 ). In about 15 % of cases (see section 3.2), this averaging did not prevent anomalous compositions to arise, implying the contribution of relatively coarse precursor grains. The reduced compositional variability in isolated grains may be traced to their large sizes compared to other petrographic settings (see Fig.   3c ), hence a greater averaging. (Wai and Wasson 1977; Campbell et al. 2003; Lodders 2003) , but as the difference in 50 % condensation temperatures is rather slight (988 vs.
1029 K according to Campbell et al. 2003) , this does not appear inconceivable. Our incomplete condensation scenario could explain why the most convoluted metal grains, i.e. those least affected by igneous reequilibration, tend to have solar Ni contents and Co/Ni ratios (see "Chemistry" subsection). We note that some amoeboid olivine aggregates in CR chondrites contain FeNi metal which Weisberg et al. (2004) found to be compositionally similar to margin grains in chondrules.
The presence of anomalous patterns for refractory PGEs in some grains (Fig. 5a-c) suggests that CR chondrite metal preserves a record of fractionation processes at temperatures > 1400 K as well:
precursors of PGE-enriched grains were presumably separated from the gas before condensation of main component siderophile elements, and the complementary PGE-depleted precursor grains were produced from further condensation of this residual gas. This fractionation may have been restricted to the source reservoir of a few precursor grains, or alternatively been general among the precursors of CR chondrule metal but essentially erased by averaging between PGE-enriched and PGEdepleted precursors. We note that refractory PGE (which are tightly intercorrelated, e.g. Fig. 6a) and main component siderophile element (e.g. Ni and Pd) tend to show some decoupling (around the solar ratio) for margin and isolated grains (Fig. 6b,c) , specifically the refractory elements seem more variable than the main component -in contrast to interior grains which we will argue below are more processed. This would suggest that the refractory PGE were mostly carried by PGE-rich condensates and diluted in varying amounts in a moderately refractory metal, whose dominance, owing to solar abundances, would prevent large variations in Ni, Fe, Pd, Co in the resulting mixtures. That is, the high-temperature fractionation process described above may have indeed pertained to the bulk of CR chondrite metal, rather than to a handful anomalous grains.
Whether these precursors first formed as solid or liquid condensates, and whether they were molten upon aggregation (as "sprays of droplets" according to Hewins and Zanda 2012) , has yet to be determined by a detailed study of the slightly melted objects (Zanda et al. 1993 .
Metal-silicate equilibration and interior grains
We mentioned in the "Petrography" subsection 3.1 that interior grains tend to be rounded, suggesting that they solidified from molten droplets. This is at variance with the hypothesis of Wasson and Rubin (2010) that interior grains are unmelted relicts of an earlier generation of Niricher grains. They had noted a chemical difficulty, namely that those grains would be more susceptible to melting than margin grains owing to their higher Ni content, but had invoked a fluxing of margin grains by FeS which would have lowered their melting point. However, measured S concentrations are low (mostly <<0.1 wt%) and similar for both petrographical settings. Textural evidence then leads us to conclude that interior grains (at least those that are rounded and Ni-rich, in highly melted chondrules) were molten and, far from being relicts, were substantially equilibrated with their enclosing silicates. This is because diffusivities of siderophile elements in liquid metal (> 10 -7 m²/s for Ni at 1750 K; Wasson and Rubin 2010), solid metal (>10 -14 m²/s for Co, Ni, Cu, Ru, Pd, Ir above 1400 °C; Righter et al. 2005) or silicate melt (>10 -14 m²/s for Re, Co, Fe above 1400 °C; Zhang et al. 2010 ) are sufficiently high for a 100 µm-diameter metal grain to be equilibrated for the slow cooling rates (<100 K/h) inferred from olivine trace element composition by Jacquet et al. (2012) , or from the diffusion of Cu and Ga in coarse metal grains by Humayun (2012) . The lack of zoning of interior grains observed by Lee et al. (1992) would be consistent with such an assumption.
Oxidation of Fe would account for the high Ni contents of interior grains, higher than that exhibited by metal grains in the least melted objects (3.5-6.9 wt%; Lee et al. (1992) ; Wasson and Rubin (2010) ), and their subsolar Co/Ni ratio, as Ni is more siderophile (in terms of the metal/silicate partition coefficient) than Co (e.g. Righter 2003) . Oxidative loss of Fe would also be consistent with the relatively small size of interior grains (Fig. 3c) . That even type I chondrule formation was accompanied by oxidation would reflect that, even for these objects, the estimated oxygen fugacities (e.g. Zanda et al. 1994; Schrader et al. 2013 ) are much higher than for a nebular gas (out of which the precursors would have presumably condensed ; see e.g. Grossman et al. 2012 ).
Further evidence for metal-silicate equilibration is found in the positive correlation between olivine/metal partition coefficient for Cr (which is dependent on oxygen fugacity) and the Fe content of olivine (Fig. 7a) , as was first noted by Zanda et al. (1994) ; in contrast, P, which is more siderophile behaves coherently with Ni in the Ni-rich interior grains ( Fig. 7b ; see also Connolly et al. (2001) and Campbell et al. (2005) ). The even more siderophile PGE (see Jones and Drake 1986; Capobianco et al. 1993 ) essentially preserve their (generally chondritic) pre-melting ratios in metal during equilibration since a very small fraction of it partitions into silicates (for silicate/metal partition coefficients much smaller than the mass fraction of metal (typically of order 20 %; see Ebel et al. 2008) ). We note that measured Ni concentration in Renazzo olivine (73 ppm on average, with first and third quartiles at 43 and 143 ppm, respectively) reported by Jacquet et al. (2012) are somewhat in excess of equilibrium partitioning predictions (14 ppm for 7 wt% Ni in metal and a silicate/metal partition coefficient of 2 x 10 -4 (Jones and Drake 1986)); it is possible that some metal nuggets somewhat compromised the siderophile element section of these analyses, which focused on lithophile elements, although such nuggets were also monitored using GLITTER.
However, enrichment of Ni and other siderophile elements of metal is not accompanied by an increase of FeO content in olivine (Fig. 3d) as would be expected if this variation were driven by a closed-system oxidation of iron, as was noted by Wasson and Rubin (2010) . This suggests an opensystem scenario where Fe is first oxidized and thus enters the silicate melt, and is then transmitted to the surface and partially lost by evaporation. Fe evaporation was also suggested by Zanda et al. (2002) (see also Hewins et al. 1997 ) and would be supported by the fact that those chondrules with the most rounded interior grains show the most forsteritic olivine (Fig. 3e ), similar to observations by Zanda et al. (2002) . In a similar vein, some early loss of volatile P would be suggested by the fact that the Ni-rich interior grain branch of the P vs Ni plot (Fig. 7b ) starts off at the low-P end of the distribution of the other grains, although recondensation of P on the latter might also account for the difference. 
Formation of margin grains
The obvious depletion of metal in highly-melted chondrule interiors relative to their margin and to the least-melted objects is evidence (if significant recondensation onto chondrule surface is ruled out) for migration of interior grains toward the periphery, or even their escape from chondrules, which plausibly could both be due to the surface tension effects investigated theoretically by Uesugi et al. (2008) , as proposed by Wasson and Rubin (2010) . It seems however unlikely that highlymelted chondrules were ever covered by a continuous liquid film which beaded upon cooling, as envisioned by Wasson and Rubin (2010) or Humayun et al. (2010) . First, we have never observed a continuous metal shell around a whole chondrule (unlike e.g. the continuous (silicate-laden) sulfide veneers around many ordinary chondrite chondrules (Hewins and Zanda 2012) or the kamacite-rich rims around some Kainsaz (CO3) chondrules described by Kring 1991) and even in 2D sections, margin grains seldom appear to have formed such a continuous shell around the host chondrule prior to an hypothetical beading. Second, the trace siderophile element heterogeneity in margin grains from single chondrules observed by Connolly et al. (2001) and confirmed by Humayun et al. (2010) is inconsistent with the rapid homogenization timescale that would be expected from diffusivities of siderophile elements in liquid metal . Margin metal was thus likely not sufficiently abundant to constitute an interconnected shell, but formed discrete amoeboid grains by coalescence of smaller grains.
The morphological and compositional differences between interior and margin grains suggests that margin metal is not simply metal originated from the interior, although, as mentioned above, such outward migration certainly occurred and contributed to it. In fact, margin grains are more reminiscent of convoluted metal grains seen in medium melted chondrules (regardless of location) and appear to have been less heated than interior grains. Two further lines of evidence point toward the idea that the chondrule margin only record a brief thermal event: First, we have noted that metal margins were almost systematically included in the pyroxene-rich periphery of chondrules, and the monoclinic structure of the enstatite points to cooling rates of order 1000 K/h around 1300 K (Jones 1990 ). Second, Lee et al. (1992) noted frequent zoning of margin grains, with Ni decreasing from core to periphery, which could be explained by outside-in fractional crystallization during rapid cooling, as envisioned by Wasson and Rubin (2010) for large metal grains.
How can chondrule margins have been less heated than chondrule interiors? This appears conceivable only if the material precursor to chondrule margin was added (and briefly melted) after that precursor to the chondrule interior was first melted. The widespread occurrence, around type I chondrules, of igneous rims (see e.g. Fig. 1; Fig 2d) analogous to the slightly melted objects studied by Zanda et al. (1993 Zanda et al. ( , 2002 is evidence that such accretion of material was common in the chondrule-forming regions of CR chondrites. In some cases, multiple metal rings in single chondrules have been described (e.g. chondrule "Ch7" in Fig. 1 of Connolly et al. 2001; Fig. 1b of Wasson and Rubin 2010) .
A scenario for CR chondrite chondrules
Piecing our different arguments together, we propose the following sequence of events to explain the formation of typical type I chondrules in CR chondrites, illustrated in Fig. 8: (i) Aggregation of grains, or liquid droplets (previously produced during an incomplete condensation process).
(ii) A prolonged (> 1 day) high-temperature phase during which small metal grains coalesced to (iii) Accretion of a relatively fine-grained rim.
(iv) A rapid high-temperature phase that essentially affected the chondrule's periphery only, with formation of pyroxene (perhaps by addition of silica from the exterior, e.g. through the SiO gas as envisioned by Libourel et al. (2006) ) and margin grains by melting of rim metal and interior grains. prediction, where the cooling rate is continuously slowing down after the temperature peak (e.g.
Morris and Desch 2010).
The hypothesis of concurrent aggregation and melting would imply that the chondrule-forming region had high dust densities, similarly to what Rubin (2010) inferred for carbonaceous chondrites.
To obtain a more quantitative estimate of that dust density ρ d , we note that the thickness e of a dust rim accreted during a time t d is related to it by:
with ∆v the velocity of dust grains relative to the chondrule and ρ s the internal density of the rim. ∆v is certainly a most uncertain parameter in the current ignorance of the astrophysical context of chondrule formation, but if we assume it to be of the same order of magnitude than the chondrulechondrule relative velocity (as would be the case in incompressible hydrodynamical turbulence ;
Ormel and Cuzzi 2007), the fragmentation velocity estimated at 1 m/s (Güttler et al 2010) could be taken as an upper bound. Then, for t d = 10 h, e = 100 µm and ρ s = 3 x 10 3 kg/m 3 , we obtain a lower limit of ρ d = 10 -5 kg/m 3 , 3 orders of magnitude larger than the solid density expected in a Minimum Mass Solar Nebula model at 1 AU (Hayashi 1981) . This is however comparable to the chondrule mass density (i.e. the number density times the mean chondrule mass) inferred from the frequency of compound chondrules. The latter may indeed be approximated by: , (2) with ρ c the chondrule mass density, a the chondrule radius and t cpd the time span where compound chondrules could form (the relaxation time of deformed chondrules, e.g. Rubin and Wasson 2005) .
Equations (1) and (2) may be combined in: inferred by Alexander et al. (2008) for ordinary chondrites on the basis of Na retention (see also Hewins et al. 2012) . The properties of CR chondrite chondrules would thus lend support to the emerging picture of localized chondrule-forming regions, highly non-representative of the average protoplanetary disk, at least in terms of temperatures and concentrations of solids. An aggregate forms and is melted during a prolonged high-temperature event (with some Fe evaporation), hence the formation of large olivine crystals and metal nodules. Accretion of small grains on the molten chondrules continues. The temperature drops suddenly, leading to incomplete processing of the latest accreted metal grains; pyroxene formation is promoted by silica addition (e.g. from ambient SiO gas) apparently in that stage. Further accretion of small grains during cooling yields the outermost rim around the chondrule. A schematic temperature curve is also drawn. Olivine is color-coded in green, pyroxene in pink, metal in red and melt/mesostasis in cyan.
Conclusion
We have analyzed trace element compositions of metal grains in ten different CR chondrites, distinguishing between interior, margin and isolated grains. We recover the positive Co-Ni correlation typical of CR chondrite metal, with the Ni-richest ones being rounded interior grains. In most (~85 %) grains, refractory siderophile elements are generally unfractionated relative to Ni, with volatile elements showing increasing depletion with decreasing 50 % condensation temperature. Averaged Ni-normalized abundance patterns for the different petrographic settings are essentially indistinguishable from each other.
The lack of systematic depletion of refractory siderophile elements in margin grains relative to interior grains argues against a condensation origin of the latter during chondrule formation. Likely, the different metal grains share a common, fine-grained precursor, probably best approximated by the least melted chondrules, which presumably owe their volatile element depletion to an incomplete condensation process, with likely a high-temperature fractionation between PGE-rich refractory condensates and gas that led to the condensation of PGE-poor metal, before mixing between these different precursor grains. Both interior and margin grains were molten during chondrule formation, but the former appear to have attained a higher degree of chemical equilibrium with the silicate than the latter (with in particular oxidation of Fe, subsequently lost by evaporation). This is understood as indicating that the chondrule margins record a later, rapid, hightemperature episode than that recorded by the chondrule interior, after more fine-grained material was accreted on the chondrule. It is possible that the two thermal episodes were parts of a single thermal event, with the rapid episode representing the "quenching phase" as the chondrule left its high-temperature region of formation, which would be at variance with a shock wave scenario. As dust accretion would have occurred concurrently with melting, this scenario requires high solid concentrations in the chondrule-forming regions, consistent with earlier constraints from compound chondrule frequencies or volatile element retention.
